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In this paper, molecular dynamics simulations MDS are performed on single-walled carbon
nanotubes SWCNTs in order to study the effects of chirality on their buckling behavior under axial
compression. In the MDS, the Tersoff-Brenner potential is used to describe the interaction of carbon
atoms in the SWCNTs. The sensitivity of the buckling strains and buckling modes with respect to
the chirality of SWCNT is investigated by modeling SWCNTs with different chiral angles, varying
from 0° to 30°, but keeping the length-to-diameter ratio constant. The carbon nanotubes are also
analyzed using a continuum cylindrical shell model based on the theory of nonlocal elasticity so as
to assess its validity in predicting the buckling strains when compared with the results that are
obtained by MDS. The differences between the buckling strains at the continuum scale and that at
the nanoscale are also studied. The present analysis and results are helpful in understanding the
buckling behaviors of axially compressed carbon nanotubes. This knowledge is important for the
application of carbon nanotubes as building blocks of nanomechanical devices. © 2006 American
Institute of Physics. DOI: 10.1063/1.2355433
I. INTRODUCTION
Ever since the discovery of carbon nanotubes CNTs in
1991 by Iijima,1 CNTs have attracted considerable attention
due to their unique electronic and mechanical properties. Re-
cent studies have indicated that CNTs possess exceptionally
high elastic modulus2–8 and can sustain large elastic and fail-
ure strains.9–14 Therefore, CNTs have been identified as one
of the most promising superfibers for nanotube-composite
materials.
In the open literature, considerable effort has been de-
voted to the exploration of the mechanical behaviors of
CNTs under bending,9,15,16 buckling,8,9,17–28 and vibra-
tion.29–31 In particular, buckling of CNTs under axial com-
pression has become a topic of great interest because their
long and hollow tubelike structure makes them susceptible to
buckling. Numerous studies on the buckling of CNTs have
been made by using molecular dynamics simulation7–9,17–20
MDS as well as continuum mechanics models such as elas-
tic shell and beam models,21–27 nonlocal beam,25,31 and shell
models.28 Molecular dynamics simulation is by far the most
accepted tool for investigating the mechanical properties of
CNTs. For example, Yakobson et al.9 investigated axially
compressed armchair single-walled carbon nanotubes
SWCNTs using molecular dynamics simulations and com-
pared the solutions with those obtained by a simple con-
tinuum thin shell model. They observed that the continuum
shell models could predict the buckling properties of
SWCNT satisfactorily provided that the mechanical param-
eters, such as Young’s modulus and the effective wall thick-
ness, are judiciously adopted. Cornwell and Wille17 carried
out MDS to study the response of a set of armchair SWCNTs
and calculated the Young’s modulus of the tubes. Srivastava
et al.18 performed MDS to examine the nanoplasticity of a
zigzag CNT under compression. Recently, Liew et al.20 stud-
ied the buckling behavior of armchair and zigzag SWCNTs
and multiwalled CNTs composed of multiple armchair
SWCNTs with different diameters. Wang et al.8 applied
MDS to study the elastic response and the buckling modes of
SWCNTs under axial compression. The SWCNTs simulated
were armchair and zigzag CNTs of various length and diam-
eters.
It is worth noting that in the literature, most MDS are
performed on the armchair and zigzag CNTs, and rarely on
other chiral angles ranging from 0° to 30°. Lu32 investigated
elastic properties of nanotubes and nanoropes using an em-
pirical force constant model and showed that the elastic
properties of SWCNTs and multi-walled carbon nanotubes
MWNTs are insensitive to chirality, radius, and number of
walls. The energetics and elastic properties were investigated
for carbon nanotubes of different chiral angles and radii less
than 9 Å. These CNTs were simulated by MDS based on
both empirical potentials and first principles total energy
methods.33 Shintani and Narita34 adopted MDS for CNTs
analysis to check the dependency of Poisson’s ratio on the
chirality and the imposed strain. They found that the strain
dependence is predominant while the chirality dependence is
negligible.
In this work, we carry out molecular dynamics simula-
tions on axially compressed SWCNTs of different chiral
angles. The MDS is based on the second generation reactive
empirical bond-order35 REBO potential. The effect of
chirality on the buckling strains and modes are studied. TheaElectronic mail: mpetanbc@nus.edu.sg
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results are also compared with those obtained from using
classical cylindrical shell model based on the theory of non-
local elasticity.
II. MOLECULAR DYNAMICS SIMULATION
Molecular dynamics simulation is a powerful tool for the
analysis of nanoscale systems. The basic concept of an MDS
is to simulate the time evolution of a system. The atoms in
the system are treated as pointlike masses that interact with
one another according to a given potential energy
Er1 ,r2 , . . . ,rN where r j is the vector position of the jth
atom. The evolution is computed at every time step. The
instantaneous location and velocity of each atom are deter-
mined by solving the Newton dynamics function,
Fi = m¯i 
d2ri
dt2
= − iEr1,r2, . . . ,rN , 1
where m¯ is the mass of the atom,  is the gradient, and the
subscript i refers to the ith atom in the system.
The reliability of the MDS depends on the use of an
appropriate potential. For CNTs, interactions between carbon
atoms are commonly described by the well-known REBO
potential,35 which is able to describe exactly the bonding
structure and properties of graphite, diamond, and hydrocar-
bon molecules. Moreover, the REBO potential correctly re-
flects the bond formation and breakage between the atoms.
This potential has been used to study the mechanical prop-
erties of CNTs, such as Young’s modulus,7,8,17,33 and has
shown to furnish reliable results when compared to the more
accurate tight-binding11,36 or ab initio density function theory
methods.37,38
The REBO potential is given by a sum of energy over
the bonds, i.e.,
Eb = 
i

ji
VRrij − b¯ijVArij , 2
where VR denotes the interatomic repulsion core-core, etc.,
VA the attraction from the valence electrons, rij is the dis-
tance between pairs of nearest-neighboring atoms i and j, b¯ij
is a bond order between atoms i and j and it is given by the
sum of the following terms:
b¯ij =
1
2
bij
− + bji
− +ij
RC + bij
DH
. 3
The values for the functions bij
− and bji
− depend on the
local coordination and bond angles for atoms i and j, respec-
tively. The value of ij
RC depends on whether a bond between
atoms i and j has a radical character and is part of a conju-
gated system. The value of the last term bij
DH depends on the
dihedral angle for carbon-carbon double bonds.
The attractive and repulsive pair terms in Eq. 2 are
given by
VArij = fcrij 
n=1,3
Bne−nrij 4
and
VRrij = fcrij1 + Q/rijAe−rij 5
in which the function fcrij is the cutoff function that re-
stricts the pair interaction to the nearest neighbors and it is
defined by a switching function of the form
fcrij
=
1, rij  Dij
min
1
21 + cosrij − DijminDijmax − Dijmin 	
 , Dijmin rij  Dijmax
0, rij  Dij
max
.

6
In Eqs. 4–6, the paramters Q, A, Bn, n n=1,2 ,3,
, Dij
min
, and Dij
max are experimentally fitted and their values
are given in Table II.35
In this study, the REBO potential is used for C–C inter-
actions. The fifth-order Gear’s predictor-corrector algorithm
is adopted for solving the equation of motion in Eq. 1.
During the simulation, the temperature is controlled by scal-
ing the velocities of all atoms. The process in this MDS on
the axial compression of CNTs can be summarized in the
following steps: relaxing the initial configuration to obtain
the minimum energy configuration; compressing the CNT by
applying external displacement at the atoms at the top end,
then relaxing the CNT while keeping both ends fixed to
reach a new equilibrium state and a new configuration.8
In order to examine the effects of chirality on buckling
behavior of SWCNT, eight SWCNTs with chiral angles 0°
	30° are simulated. The eight chiral indices are chosen
so that the nanotubes have approximately the same diameter
and tube length. There will be no doubt slight differences in
the lengths, which cannot completely be eliminated due to
the different lengths of their corresponding unit cells. The
parameters of the eight SWCNTs are shown in Table I.
During the simulation, we adopted a constant compres-
sion strain rate of 710−4 /ps, which is applied via displace-
ment of the atoms at the top end of the SWCNTs. During the
relaxation period taken as 1 ps the atoms at both ends of
the SWCNTs are fixed in position. It is important to adopt a
constant strain rate for all the tubes simulated since the strain
TABLE I. Parameters of SWCNT models.
Chiral indices n1 ,n2
Chiral angle
degree Length Å Diameter Å
17,0 0 69.064 13.31
16,2 5.82 69.049 13.38
15,4 11.52 69.662 13.58
14,5 14.70 69.244 13.35
13,6 17.99 67.388 13.17
12,8 23.41 69.811 13.65
11,9 26.70 69.722 13.58
10,10 30.00 70.381 13.56
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rate would play a significant role in the MDS results.13 When
the strain rate was halved, the buckling modes of the
SWCNTs remained unchanged. The environmental tempera-
ture of the simulations is maintained at 0.01 K so as to avoid
thermal kinetic effect.8
III. NONLOCAL SHELL MODEL
Cylindrical shell models based on the Donnell shell
theory39 have been commonly applied for the analysis of
CNTs. But their validity is rarely confirmed by MDS results
or experimental tests. In the few instances, Yakobson et al.9
conducted MDS on an armchair SWCNT 7, 7 under com-
pression and they found that the critical strain obtained using
the classical thin shell model is close to the MDS result. In
the work of Ru21 and Kitipornchai et al.,27 the validity of
their shell models are confirmed by only one or two available
MDS results. The general applicability of the shell models is,
however, an area of active research. Efforts have been made
by Wang et al.8 to check the applicability of the beam and
shell models for the buckling problem of carbon nanotubes.
Their comparison study showed that the conventional con-
tinuum mechanics theory is not very suitable for analyzing
the deformation of carbon nanotubes. In the continuum shell
model, the discrete CNTs are treated as homogeneous and
continuum structures. The material microstructure, such as
the lattice spacing between individual carbon atoms, is ig-
nored. At the nanometer scale, however, the material micro-
structure becomes important and thus the small scale effect
cannot be neglected. The existence of small length scale in
nanomaterials makes the applicability of classical or local
continuum models questionable. Therefore, continuum mod-
els have to be refined to incorporate the small scale effect.
This has led to the application of nonlocal elasticity theory
which was developed by Eringen.40,41
The theory of nonlocal continuum mechanics was ini-
tially proposed40,41 to account for the small scale effect. In
nonlocal elasticity, it is assumed that the stress at a given
point is dependent not only on the strain state at that same
point as in the classical continuum mechanics, but also on
the strain states of all points in the body. In other words, the
stress at a given point is a function of strain states at every
point in the body. Thus, the internal length scale could be
simply incorporated in the constitutive equations as a mate-
rial parameter. So far, the continuum mechanics beam and
shell models, based on the theory of nonlocal elasticity, have
been developed to analyze the mechanical behaviors of
CNTs such as buckling,25,28 vibration,31 and wave
propagation.42,43 The nonlocal models account for small
length scale microstructure effect and thus they provide
better theoretical results.
In this study, we adopt the theory of nonlocal continuum
mechanics for the shell model and check its validity against
the newly obtained MDS results. This nonlocal shell model
for the buckling of MWCNTs is developed by Zhang et al.28
By simplifying the buckling strain expression for double-
walled carbon nanotubes of Zhang et al., the buckling strain
for SWCNT can be expressed as

cr =
DR24 + h4
hR2221 + e0
2a2
, 7
where
D =
h3
121 − v2
,  = mL 
2
+  nR
2
,  =
m
L
,
h is the effective thickness of SWCNT and is taken as
0.066 nm,9 R the radius, L the length, a is a small scale
parameter which is taken as the C–C bond length of
0.142 nm, e0 is a constant to be determined, and m and n are
the number of half waves in axial and circumferential direc-
tions, respectively.
By neglecting the small length scale effect i.e., setting
a=0, the above equation reduces to the classical local result
based on the Donnell shell theory,39

cr =
DR24 + h4
hR222
. 8
It can be observed that Eq. 7 gives a smaller axial buckling
strain than the classical local shell model results given by Eq.
8. In other words, the classical shell model overpredicts the
axial buckling strain.
The critical axial buckling strain can be determined by
minimizing the right-hand side of Eq. 7 with respect to the
integers m and n. The theoretical results incorporating the
microstructure effect can then be used to check the validity
of the continuum shell model by comparing with those ob-
tained by MDS.
IV. SIMULATION RESULTS
A. Buckling modes of SWCNTs
We first discuss the buckling modes of SWCNTs its
properties defined in Table I as obtained from MDS. Figure
1 shows the morphological changes for the armchair
SWCNT 10, 10 at different strain levels. During the MDS,
the SWCNT retains its cylindrical symmetry until the critical
strain is reached at which point the tube begins to buckle.
The critical strain is determined from the strain versus strain
energy curve.8,9,13,20 On further compression, the CNTs can
still sustain deformation without any deflection until the
structure buckles severely.
The buckling modes of SWCNTs with different chirali-
ties are depicted in Fig. 2. It is interesting to observe that the
buckling modes of chiral CNTs are similar to that of the
armchair where two flattenings referred to as “fins” by Ya-
kobson et al.9, that are perpendicular to each other, are
formed as shown in Fig. 2. However, the chiral angles affect
the positioning of the fins, albeit slightly. But in the zigzag
CNT, a three-fin pattern is observed instead at the critical
strain value. Since all the tubes have similar length-to-
diameter ratios, the difference in buckling modes can only be
attributed to the chiral angles. In sum, the chiral angles affect
slightly the buckling mode except for the zigzag configura-
tion, which yields a completely different buckling mode.
The CNTs simulated above are of a moderate length,
about 7 nm. In order to study the effect of the CNT length on
the buckling mode, three more sets of CNTs with small and
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large lengths 5, 11, and 17.6 nm, respectively are analyzed.
It is found that the same conclusion still holds, that is, the
chiral CNTs display similar buckling modes to that of arm-
chair CNT but the zigzag CNT buckles in a different way.
The buckling modes of the slender tubes with a relatively
long length of 17.6 nm are shown in Fig. 3. From Fig. 3, it is
interesting to observe that the armchair and chiral CNTs
buckle locally at the upper parts of the tubes since the com-
pressive load is applied on the upper ends of the tubes. In
this range of chirality, the compressive load fails to distribute
evenly downward along the length of the carbon nanotube.
Therefore, the lower part of the tube length remains almost
straight or unchanged. However, for the zigzag CNT with
the chiral angle of 0°, the compressive force appears to be
transmitted more uniformly through the tube and thus the
buckling mode display a more even distribution of bulges.
The zigzag CNT appears to make full use of its material
under compression when compared to the CNTs of other
chiral angles. This enables the zigzag CNT to yield a higher
buckling load which will be further discussed in the follow-
ing section on the buckling strain values. Similar buckling
modes for the slender armchair 10,10 CNT are also ob-
served by Liew et al.44 But the buckling morphology of the
tube is symmetric with one bulge at each end because they
applied the axial compressive force on both ends of the
tubes44 as opposed to applying the compressive force at one
end in this study. Although the chiral and armchair CNTs
show similar buckling configurations, the positions of the
flattening move downward with decreasing chiral angles.
The example of a long and slender CNT clearly demonstrates
the dependence of the load transmissibility on the chirality.
B. Critical buckling strains
The critical strains of the eight SWCNTs in Table I ob-
tained by the MDS against chiral angles are plotted in Fig. 4.
It is observed that the critical strains decrease as the chiral
angle increases except for the chiral angle of 30°. At 	
=30°, the critical strain is increased slightly for the armchair
CNT. It is shown in Fig. 4 that the zigzag SWCNT preserves
high buckling capability, which was also noted by Robertson
et al.33 It is also clear from Fig. 4 that the critical strain
decreases abruptly with increasing chiral angles until the chi-
ral angle reaches 15°. For example, the critical strain drops
rapidly from a value of 0.0894 for zigzag CNT with 	=0° to
0.054 for chiral CNT 14,5 with 	=14.7°. Beyond this chi-
ral angle, the critical strain decreases slowly until it con-
verges to a particular value. The relationship between buck-
ling load and chiral angle is also plotted as an inset in Fig. 4.
It is found that the trend of the buckling load is similar to
that of the critical strain. The zigzag CNT can sustain the
highest buckling load and the buckling loads of chiral CNTs
decreases as the chiral angle increases. The disparity be-
tween zigzag CNT and other CNTs may result from different
bond configurations due to the different chiralities. In an
armchair CNT, for example, one-third of the bonds are per-
pendicular to the axial direction. During axial compression,
these bonds are stretched. In a zigzag CNT, however, one-
third of the bonds are aligned along the loading direction.
FIG. 1. Morphological changes for 10, 10 single-walled carbon nanotube
L /D5.2. a Before the onset of buckling. b At 
=0.0525, buckling
occurs with two identical flattenings perpendicular to each other. c At 

=0.108, the upper flattening pushes into the lower one while maintaining a
straight cylinder axis. d Further reduction in length at 
=0.17 causes the
tube to buckle sideway with bond breaking and reformation at the location
of collapse.
FIG. 2. Snapshots of buckled tubes L /D5.2 with different chiral angles
at their critical strains.
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During axial compression, all of the bonds are in compres-
sion, providing a stronger resistance to the lateral deforma-
tion than that of armchair CNT. As a consequence, the buck-
ling capability of the zigzag CNT is superior to the armchair
and other chiral CNTs.14 Interestingly, in nature, the honey-
bee hive is of a zigzag configuration rather than that of the
armchair configuration!
To make use of Eq. 7 on the basis of nonlocal elasticity
for the theoretical critical strains, it is important to determine
the magnitude of parameter e0 first. Although the value of the
parameter for CNTs is not available at present, it may be
estimated by curve fitting theoretical results obtained by Eq.
7 to those from molecular dynamics simulations. Since the
MDS results of all tubes are varied, it is believed that the
parameters e0 are different for different tubes. As an ex-
ample, we describe the use of the critical strain of the arm-
chair 10,10 SWCNT for the prediction of the value of e0. In
the present MDS, it is found that the armchair CNT began to
buckle locally at the critical strain of 0.0526 with the axial
half wave number m=2 and the circumferential wave num-
ber n=2 while the axis remains straight, as shown in the first
snapshot in Fig. 2. The classical result for the critical buck-
ling strain of this tube can be determined by solving Eq. 8
and the result is about 0.0606 with m=n=2. The ratio of the
classical result to that obtained by MDS is about 1.152. It is
known that the ratio of the classical result to nonlocal result
for the axial buckling strain of SWCNT can be derived by
use of Eqs. 7 and 8 as28
 = 1 + 2m2 + n2LR2	 e0a2L2 . 9
For the ratio =1.152, from Eq. 9, the value of parameter
e0 for the armchair CNT is found to be e00.89. All the
parameters of e0 of the other tubes can be determined except
for zigzag 17,0 and chiral 16,2 CNTs, the tubes with the
first two smallest chiral angles. The parameters calculated by
the foregoing procedure for the two CNTs are complex num-
bers, which are not reasonable. Hence, we use the classical
local results determined by Eq. 8 instead of nonlocal ones
for the two CNTs when comparing with their corresponding
MDS results. The magnitudes of e0 for the other six CNTs
are listed in Table II. By applying the values of e0 into Eq.
7, the theoretical critical strains based on nonlocal elasticity
for the SWCNTs can be obtained. The results are compared
with those from MDS in Fig. 4. In this study, the effective
thickness of all the carbon nanotubes is assumed to be
0.066 nm as suggested by Yakobson et al.9
It is observed in Fig. 4 that both sets of results are in
excellent agreement. As for the zigzag 17,0 and chiral
16,2 CNTs, the classical shell results furnished by Eq. 8
are smaller than those of MDS. The difference in percentage
between the theoretical and MDS results is up to 30.5% for
the zigzag CNT. The percentage difference for the chiral
16,2 CNT is about 3.57%. Therefore, it seems that the con-
tinuum mechanics models cannot be applied to the zigzag
CNT. With suitably determined parameters e0 for the CNTs
with larger chiral angles, the theoretical shell model based on
the theory of nonlocal elasticity can estimate the buckling
strains of CNTs rather well. It is expected that the parameters
e0 can be obtained from experiments for CNTs with different
chiral angles in order to examine the applicability of the
theoretical continuum models.
FIG. 3. Snapshots of slender tubes L /D13.1 at their critical strains.
FIG. 4. Critical buckling strains from MDS and nonlocal shell models.
TABLE II. Magnitudes of parameters e0 for SWCNTs.
Chiral indices n1 ,n2 e0
17,0 NA
16,2 NA
15,4 0.546
14,5 0.854
13,6 1.023
12,8 0.995
11,9 1.043
10,10 0.890
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V. CONCLUSION
The effect of chirality on the buckling behaviors of
single-walled carbon nanotubes SWCNTs is examined by
means of molecular dynamics simulations. It is found from
the simulation results that all SWCNTs display similar buck-
ling modes except for the zigzag SWCNT. The buckling
strains of SWCNTs decrease with increasing chiral angles.
The chirality independent tubes can be simulated by the con-
tinuum shell model based on the theory of nonlocal elasticity
and the critical strains are in excellent agreement with those
obtained by MDS. However, the continuum shell model fails
to capture the buckling strains for the SWCNTs with small
chiral angle such as the zigzag CNT.
In summary, chirality plays a significant role in the buck-
ling behaviors of SWCNT with small chiral angles and can-
not be ignored. However, the effect can be neglected for
SWCNT with relative larger chiral angles and the buckling
behavior of such tubes can be represented by armchair CNTs.
1S. Iijima, Nature London 354, 56 1991.
2M. M. J. Treacy, T. W. Ebbesen, and J. M. Gibson, Nature London 381,
678 1996.
3O. Lourie and H. D. Wagner, J. Mater. Res. 13, 2418 1998.
4J. Bernholic, C. Brabec, M. Buongiorno Nardelli, A. Maiti, C. Roland, and
B. I. Yakobson, Appl. Phys. A: Mater. Sci. Process. 67, 39 1998.
5N. Yao and V. Lordi, J. Appl. Phys. 84, 1939 1998.
6C. Y. Li and T. W. Chou, Compos. Sci. Technol. 63, 1517 2003.
7W. X. Bao, C. C. Zhu, and W. Z. Cui, Physica B 352, 156 2004.
8Y. Wang, X. X. Wang, X. G. Ni, and H. Wu, Comput. Mater. Sci. 32, 141
2005.
9B. I. Yakobson, C. J. Brabec, and J. Bernholc, Phys. Rev. Lett. 76, 2511
1996.
10B. I. Yakobson, M. P. Campbell, C. J. Brabec, and J. Bernholc, Comput.
Mater. Sci. 8, 341 1997.
11P. Zhang, P. E. Lammert, and V. H. Crespi, Phys. Rev. Lett. 81, 5346
1998.
12E. W. Wong, P. E. Sheehan, and C. M. Lieber, Science 277, 1971 1997.
13C. Y. Wei, K. Cho, and D. Srivastava, Phys. Rev. B 67, 115407 2003.
14P. Liu, Y. W. Zhang, C. Lu, and K. Y. Lam, J. Phys. D 31, 2358 2004.
15C. Q. Ru, Phys. Rev. B 62, 9973 2000.
16Q. Wang, T. Tu, G. H. Chen, and Q. Jiang, Phys. Rev. B 71, 045403
2005.
17C. F. Cornwell and L. T. Wille, Solid State Commun. 101, 555 1997.
18D. Srivastava, M. Menon, and K. Cho, Phys. Rev. Lett. 83, 2973 1999.
19T. Ozaki, Y. Iwasa, and T. Mitani, Phys. Rev. Lett. 84, 1712 1999.
20K. M. Liew, C. H. Wong, X. Q. He, M. J. Tan, and S. A. Meguid, Phys.
Rev. B 69, 115429 2004.
21C. Q. Ru, J. Appl. Phys. 87, 7227 2000.
22C. Q. Ru, Phys. Rev. B 62, 10405 2000.
23C. Q. Ru, J. Mech. Phys. Solids 49, 1265 2001.
24C. Y. Wang, C. Q. Ru, and A. Mioduchowski, Int. J. Solids Struct. 40,
3893 2003.
25L. J. Sudak, J. Appl. Phys. 94, 7281 2003.
26X. Q. He, S. Kitipornchai, and K. M. Liew, J. Mech. Phys. Solids 53, 303
2005.
27S. Kitipornchai, X. Q. He, and K. M. Liew, J. Appl. Phys. 97, 114318
2005.
28Y. Q. Zhang, G. R. Liu, and J. S. Wang, Phys. Rev. B 70, 205430 2004.
29C. Y. Li and T. W. Chou, Appl. Phys. Lett. 84, 121 2004.
30J. Yoon, C. Q. Ru, and A. Mioduchowski, Phys. Rev. B 66, 233402
2002.
31Y. Q. Zhang, G. R. Liu, and X. Y. Xie, Phys. Rev. B 71, 195404 2005.
32J. P. Lu, Phys. Rev. Lett. 79, 1297 1997.
33D. H. Robertson, D. W. Brenner, and J. W. Mintmire, Phys. Rev. B 45,
12592 1992.
34K. Shintani and T. Narita, Surf. Sci. 532–535, 862 2003.
35D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J. Stuart, B. Ni, and
S. B. Sinnott, J. Phys.: Condens. Matter 14, 783 2002.
36E. Hernandez., Phys. Rev. Lett. 80, 4502 1998.
37Q. Zhao, M. B. Nardelli, and J. Bernholc, Phys. Rev. B 65, 144105
2002.
38D. Sanchez-Portal, Phys. Rev. B 59, 12678 1999.
39A. Chajes, Principles of Structural Stability Theory Prentice-Hall, Engle-
wood Cliffs, NJ, 1974.
40A. C. Eringen, Nonlocal Polar Field Models Academic, New York,
1976.
41A. C. Eringen, J. Appl. Phys. 54, 4703 1983.
42L. F. Wang and H. Y. Hu, Phys. Rev. B 71, 195412 2005.
43Q. Wang, J. Appl. Phys. 98, 124301 2005.
44K. M. Liew, C. H. Wong, and M. J. Tan, Appl. Phys. Lett. 87, 041901
2005.
074304-6 Zhang, Tan, and Wang J. Appl. Phys. 100, 074304 2006
